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INTRODUCTION
The spindle tuber disease of the cultivated potato, 
Solanum tuberosum L., has been known for 40 years. It Is 
caused by an unstable sap-transmissible virus, which until 
very recently was thought to be restricted In host range to 
potato. The disease was first reported from New Jersey In 
1923, and was studied extensively until 1931. Most of these 
studies were concerned with determining the cause of the 
disease; the symptoms, and environmental factors affecting 
their expression; and the various means of mechanical and 
insect transmission.
In the period between 1931 and i960, very little 
attention was given to the potato spindle tuber disease, 
since it was not considered a serious problem. However, 
by 1950 the disease had become more common, especially in 
certain varieties, and it demanded further investigation.
The 25-30 year period during which most investiga­
tions of spindle tuber were discontinued.was not, however, 
an inactive period for those interested in viruses or 
virus diseases. During this period tremendous advances were 
made in numerous plant virology problems, and in the de­
velopment of techniques that have provided for even more 
rapid advancement. Because of this new knowledge, it was 
Immediately recognized that before any significant new
1
2advances could be made (in our understanding of the potato 
spindle tuber virus or disease), it would be necessary to 
find an indicator plant, i.e. a plant which would produce 
distinct symptoms when inoculated with this virus. When 
potato plants are inoculated with potato spindle tuber 
virus (PSTV) it is almost impossible to detect current 
season symptoms. It is necessary to plant the tubers pro­
duced from this crop and observe symptom development in the 
next crop. This method is still unsatisfactory, since the 
symptoms vary greatly and are often quite indistinct. Such 
a host is unsuitable for extensive in vitro studies of the 
virus. Fortunately it was found that tomato', Lycopersicon 
esculenturn Mill. var. Rutgers, was a suitable systemic in­
dicator. This tool would now permit studies on the purifi­
cation of PSTV and the development of a specific antiserum. 
Earlier studies of this nature had ended in failure; how­
ever, it is known that this virus is very unstable in 
vitro. Purification and serological studies with unstable 
viruses are extremely difficult. It was known that other 
workers had already spent considerable time and effort on 
unsuccessful purification studies. For this reason, ex­
periments were designed which hopefully would reveal some 
of the virus properties and conditions necessary for stabil­
izing and retaining a high concentration of the virus in 
plant extracts. It was thought that success in this project 
might make the difference between success and failure in 
later purification studies. Accordingly, much of the
3information presented in this paper deals with the stabil­
ization of PSTV and the factors influencing the development 
of the disease in tomato. In addition, this report includes 
the results of preliminary purification and serological 
studies, and the effect of the virus upon yield reduction 
in potatoes, in the absence of other common potato viruses.
4LITERATURE REVIEW
Degeneration or "running out" of potatoes are common 
terms found in the early literature dealing with potatoes. 
These terms were used to refer to various potato ailments 
which were not directly attributable to the attack of par­
asitic organisms, such as bacteria and fungi (27,41,57,59, 
60). It was believed ihat degeneration was due to contin­
uous vegetative propagation which weakened the stamina of 
a variety (4l,6o). According to Salaman (40) this theory 
was first advanced by Parmentier in 1786, and remained a 
source of controversy up to the years immediately prior to 
the War of 1914-1918. According to Werner (57)# spindle 
tuber disease was probably one of the most serious factors 
involved in degeneration. The first report of the disease 
and the use of the name "spindle tuber" is credited to 
Martin (34). He suggested that the disease reached New 
Jersey in seed potatoes from Maine. Unaware of the naming 
of the disease by Martin, Schultz and Polsom (43,44) demon­
strated the infectious nature or transmi'B'slbility of what 
they termed "spindling tuber" disease. Shortly thereafter, 
Folsom (1 8) recognized the earlier naming of the disease by 
Martin, and suggested that it was preferable to adopt the 
New Jersey name "spindle tuber". Working at Nebraska, 
Werner (57) concluded that degenerates which they had been 
studying since 1917 were due to infection with the "spindle
5tuber" disease. By 1925 it was apparent that spindle tuber 
was quite generally distributed throughout all the commer­
cial potato growing regions of the United States (57). The 
disease was observed in Prince Edward Island, in eastern 
Canada by Martin in 1930 (31). It is now widely accepted 
that the disease occurs most commonly in the United States 
and Canada (49,54). However, the disease was studied in 
Europe as early as 1930 (53). More recently, Cammack (14) 
reported a disease resembling potato spindle tuber occurring 
on several crops of potatoes grown in England. Although not 
widely prevalent, it has been observed in Nanking, China 
(62).
In the absence of definite information on the exact 
cause of the potato spindle tuber degeneration disease, 
which was known to be transmissible through the plant juice, 
Schultz and Folsom (45) elected to refer to it as a conta- 
gium or a virus. This was widely accepted and today the 
etiological agent is generally referred to as "potato 
spindle tuber virus," (PSTV). Various synonyms have oc­
curred in the literature: potato spindling-tuber virus,
Schultz and Folsom; Potato virus 8 , J. Johnson; Potato 
marginal leafroll virus, Fernow and Quanjer; Solanum virus 
12, Smith; and Acrogenus solani var. vulgaris. Holmes (28,
49).
In 1923, Schultz and Folsom (45) described a new 
disease of potato and named it "unmottled curly dwarf".
The similarity between this disease and spindle tuber was
6noted by Schultz and Folsom (45) and by Goss (23).
Symptoms given by Werner (57) and referred to as 
severe spindle tuber were descriptive of unmottled early 
dwarf. At the present time, there seems to be general 
agreement that the virus causing unmottled curly dwarf Is 
a strain of PSTV (28,39*49). Synonyms for this strain are: 
potato unmottled curly dwarf, potato virus 7, and Solanum 
virus 13 (28).
Folsom (18), Schultz and Folsom (45), and Werner and 
Howard (5 8) describe the plants coming from tubers infected 
with spindle tuber as being more erect, having spindling 
stalks, and with dwarfed, rugose leaves. The leaves are 
more erect and darker green than normal. Later in the 
season the rugosity is not as great, but the leaves are even 
more dwarfed. The effects on the vines are not as conspic­
uous as those of mosaic or leafroll. It is difficult to 
detect diseased plants accurately and completely, since 
quite similar effects are often seen in young, late- 
sprouting, and single-stalked healthy hills. The most 
characteristic symptoms occur on the tubers, which are 
spindling, long, and cylindrical, with an irregular or 
bumpy outline; the eyes are more numerous and more conspic­
uous; the skin is smoother and more tender; and the color 
of the skin may change with some varieties.
Fernow (17) and Martin (34) both mention a marginal 
rolling of the leaves. Martin also mentions growth cracks 
in the tubers. In addition to these symptoms, Werner and
7Howard (5 8) noted that spindle tuber plants bloom more 
profusely and have more erect and conspicuous flowers. In 
extreme cases the tubers are sometimes ill-shaped and 
crooked; lenticels are more numerous and larger; some eyes 
never sprout and others sprout much later than normal, re­
sulting in a greatly delayed emergence. Werner (5 7 ) men­
tions that spindle tuber Infected plants, when compared with 
healthy plants, spend considerably fewer days above ground. 
Varietal modifications of symptoms have also been noted (42, 
57).
Numerous workers (23*26,5 5,57,5 8) have studied the 
effect of environment upon the modification of symptoms of 
potato spindle tuber disease. Soil texture, soil moisture, 
soil temperature, air temperature, light, time of planting, 
and greenhouse conditions were the environmental factors 
most frequently studied.
Werner (55,57) demonstrated that tuber symptoms vary 
with different soil textures. In both greenhouse and field 
experiments, healthy and spindle tubers were planted in 
soils of varying composition. Under both conditions it was 
noted that spindle tuber progeny had a more nearly normal 
shape when grown In light sandy soil. Spindle tuber prog­
eny grown in the heavier soils produced more elongated 
tubers.
As early as 1923, Werner (5 5) noted that the percent­
age of degeneration (spindle tuber) Increased and the yields 
decreased with each additional year of irrigation.
8In several independent studies (2 6,5 5,5 7 ), in which the soil 
moisture content was controlled, high soil moisture appeared 
to increase the severity of tuber symptoms. However, there 
is general agreement that high amounts of soil moisture 
cause elongation of both healthy and spindle tubers, whereas 
low amounts of soil moisture result in less elongated or 
better type tubers.
The effect of soil temperature on symptom develop­
ment was studied by Goss and Peltier (2 6) and by Werner 
(55). Their results are In close agreement. Soil tempera­
ture had no effect on the above ground symptoms, but there 
was a very marked change in the type of tubers produced.
At high soil temperatures the spindle tubers were more 
elongated and of a paler color. However, at high soil tem­
peratures, tubers from healthy plants also show these same 
tuber characteristics. Spindle tubers produced at 56°P 
were of better shape than healthy tubers produced at 6 9 .4°F 
(55). Air temperature is the major environmental factor 
which has a profound effect upon the foliage symptoms of 
spindle tuber. Unlike numerous virus diseases in which 
symptoms are masked by high temperatures, spindle tuber 
symptoms are most distinct and severe at higher temperatures 
(23,26). Symptoms are much more evident at 25° than at 15°C. 
With 3 successive dates of planting It was found that the 
foliage symptoms were more severe in plants started at the 
later date. The cooler weather that occurred during the 
early growth with the first planting, masked the symptoms
9so that even with higher temperatures later in the season 
the plants did not show severe symptoms. However, those 
that started growth under high temperature conditions showed 
severe symptoms throughout the season (23).
Under winter greenhouse conditions it is always dif­
ficult to detect spindle tuber accurately (23,55). It is 
almost impossible to diagnose accurately from the vine 
symptoms. In all index work and experiments dealing with 
spindle tuber in the greenhouse it is necessary to keep the 
plants until the new tubers are formed. In attempting to 
distinguish between healthy and spindle tuber infected 
plants grown at the same time under greenhouse conditions, 
it is necessary to compare both tuber and vine symptoms.
PSTV can be transmitted by mechanical means, as well 
as by Insect vectors (49). Folsom (18) and Schultz and 
Folsom (43), reported In 1923, that PSTV could be trans­
mitted by means of plant sap. Tuber grafts were made by- 
splitting healthy and diseased tubers In half, and fasten­
ing healthy and diseased halves together with the freshly 
cut surfaces In contact. In 18 such grafts, 15 of the 
healthy halves became diseased and produced spindle tubers. 
Stem grafts were made by Inserting a wedge-shaped piece of 
a young stem bearing a bud, between the halves of a split 
young stem. Transmission >was also possible by means of 
leaf mutilation, in which the young foliage of a healthy 
plant was bruised and then soaked in the juice squeezed 
out of diseased shoots (1 8).
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Although Folsom (18) found no evidence of trans­
mission by the seed cutting knife, Goss (20) demonstrated 
that infection did occur when healthy tubers were cut with 
a knife that had just been used to cut an Infected tuber.
He was also able to show that transmission occurred when 
a healthy cut seed piece was rubbed once or twice with a 
freshly cut seed piece of infected tuber. Bonde was able 
to confirm these results (8 ).
Goss (25) compared a number of different methods of 
transmission. The only negative results were obtained 
with hypodermic injections. Transmission was accomplished 
with all the other methods, but some were more successful 
than others. Stem grafts were not very successful because 
it was difficult to get a good union under field conditions. 
The needle-prick method of inoculation also resulted in a 
very low percentage of infection. Both the needle-prick 
and leaf mutilation methods were more successful when the 
Inoculated plants were held under a bell jar for 36 hours 
after inoculation, but this was unsuitable for field ex­
periments. A high percentage of infection occurred when 
inoculations were made by inserting infected tissue in a 
slit cut in the stem of a healthy plant, and then wrapping 
the wounded area with damp cotton and waxed paper. The 
time and labor involved in this method also made it unsuit­
able for field experiments. However, by modifying this
/
method a procedure was developed which resulted in 100$ 
infection. A piece of cotton saturated with expressed sap
11
from Infected plants was Inserted into small wounds cut 
with a scalpel in the stem at the axils of the 3 youngest 
petioles. Goss adopted this method for all further experi­
ments involving juice inoculations of foliage. However, 
when this method was used current-season symptoms seldom 
developed in the tops and were often lacking in the tubers. . 
This made it necessary to index all plants in the greenhouse 
or to replant the following year in order to determine the 
results of the previous inoculations. In an attempt to 
produce current-season symptoms, seed pieces were Inocu­
lated at the time of planting. The method of Inoculation 
consisted of boring a hole through a healthy seed piece 
and forcing a slightly larger core of tissue from an in­
fected tuber Into the hole. This provided for good contact 
of a large surface area. This method is referred to as 
seed-piece core or plug inoculation. With this method a 
high percentage of inoculated plants became Infected and 
produced tubers with well developed current-season symp­
toms (2 5).
The Insect vectors of PSTV are both more numerous 
and more variable than for most other plant viruses.
Schultz and Folsom (44,46) were the first to show that 
aphids (Myzus perslcae Sulz. and Macrosophum solanifolll 
Ashmead) could transmit PSTV. Goss (21) confirmed aphid 
transmission, but noticed frequent spreading of the disease 
to healthy plants in the absence of aphids. Transmission 
tests were made with grasshoppers which were commonly found
12
In potato fields In Nebraska. The results of these tests 
gave positive proof of the transmission of PSTV by grass­
hoppers. Six different species of Melanoplus were used In 
these experiments. Most tests were done with mixed species. 
In later reports of transmission of PSTV by insects, Goss 
(24,25) obtained transmission by grasshoppers, Melanoplus 
spp.; flea-beetles, Epltrlx cucumeris Harr, and Systena 
taenlata Say; tarniBhed plant bugs, Lygus pratensls L.; 
larvae of Colorado potato beetles, Leptinotarsa decemlineata 
Say; and leaf beetles, Disonycha triangularis Say. These 
results suggest that insect transmission of this virus is 
mechanical, and that almost any Insect that feeds on potato 
is a potential vector (2 9).
These controlled experiments, demonstrating the 
numerous means of mechanical and insect transmission, help 
to explain the rapid dissemination which has been observed 
under field conditions. Brentzel (13) described an experi­
ment which was conducted to determine the rate of spread 
of spindle tuber. Beginning with 1000 tubers which appeared 
to be entirely free of spindle tuber, 1000 hills were plant­
ed. Using tubers produced by the first crop, 1000 hills 
were again planted. Employing this method, tubers were re­
planted for 3 successive years. No precautions were taken 
to prevent the spread of the disease. At the end of the 
third year field symptoms showed that 95 per cent of the 
plants were infected. The tubers were badly diseased, with 
the yields being reduced to approximately 75 per cent of an
13
average crop. In a similar experiment conducted over a 
4-year period, Goss (2 2) reported that 42.4 per cent of 
the plants became infected with spindle tuber. The highest 
rate of transmission occurred during the years when aphids 
were present, although the spread of the disease could also 
be correlated with the presence of grasshoppers. After 4 
years there were only 6 spindle tuber plants more than 3 
rows removed from the row containing the original spindle 
tuber unit. This indicated that the disease was not spread 
over a great distance. Werner (55) also reported that, 
although PSTV was transmitted across several rows of plants, 
most infections occurred in nearby rows. In a study of 
the amount and distance of spread of PSTV in Maine (19)* it 
was reported that in some places 1 /3 of the plants were in­
fected in the first 5 rows next to diseased rows, and in 
some places the disease developed across healthy fields as 
far as the 50th row. It was also determined that the spread 
of PSTV varied from season to season, in Maine (ll) the 
variation ranged from 1 to 6 l per cent.
Schultz and Folsom (46) were unable to transmit 
spindle tuber by root or foliage contact with plants grown 
under insect-free greenhouse conditions. Under field con­
ditions (9) insects sometimes are not very effective In 
transmitting PSTV, However, it may spread by contamination 
of the seed stock by mechanical means during the process 
of storing, handling, planting, or cultivating the crop.
As previously mentioned (10), the virus can be spread by
14
the cutting knife and through contamination of cut seed.
It can also he spread by the picker type of planter (9). 
Sprouting seed potatoes are very susceptible to infection, 
especially through the tender sprouts and eyes which may 
become contamination with sap from :infected tubers while 
being handled prior to planting. It has been shown that 
PSTV can be disseminated very readily by contact of healthy 
vines with contaminated equipment. Nearly 100 per cent 
transmission occurred in the Katahdin and Kennebec varie­
ties when there was excess contact of large vines with con­
taminated tractor-mounted cultivating and hilling equipment 
(32,33).
Control of spindle tuber is quite difficult and 
depends upon many factors. The use of certified seed is 
the best method of control, however, it is often difficult 
to produce disease-free seed stocks. This is because vine
symptoms are often impossible to detect, especially in
/
current-season infections, and because of the numerous 
means of transmitting the virus. Once disease-free stock 
is available certain precautions should be taken to avoid 
recontamination. All seed plots should be isolated from 
other potato fields. Tuber-unit planting should always be 
used. In this method the plants from each tuber are grouped 
together in a row and infected plants are, therefore, more 
easily detected and removed. In developing disease-free 
seed stocks only the most obviously healthy appearing tuber 
units should be selected for further propagation. The
15
tubers should be harvested early enough to get ahead of 
any insect infestations. The cutting knife should be 
disinfected after each tuber is cut. Drying of contamin­
ated seed pieces before planting will also help to reduce
the spread of the disease. It Is advisable to grade and 
handle seed stocks before the tubers have begun to sprout, 
since slightly sprouted tubers are very susceptible to 
spindle tuber (9 ). In order to avoid vine contact with 
machinery, fields should be cultivated and hilled before 
vines become very large (32,33). Insects should be con­
trolled by suitable means (13,1 8).
The effect of spindle tuber on yields has been 
studied by numerous workers (1 1,18,1 9,3 0 ) and all report 
a significant reduction. The percentage varies consider­
ably from year to year due to environmental factors. How­
ever, most of these studies were done with varieties known 
to be Infected with leafroll and other types of viruses 
(11).
The literature Is conspicuously void of Informa­
tion on the physical properties of PSTV. In 1931 Goss 
(2 5 ) reported what Is apparently the only study of this 
nature. A dilution end point test determined that at di­
lutions of 1:1,000 only 50 per cent Infection occurred.
Some infections occurred at higher dilutions, but since a 
slight amount of infection occurred in the controls these 
results are questionable. In determining the effect of 
heat upon the virus, it was found that 30 per cent infection
16
occurred after exposure at 75° C for 10 minutes. However, 
the technique employed was different from that usually used 
in determining thermal death points in that extracted juice 
was not used. Instead, a core of tissue was removed from 
spindle tuber potatoes and heated to the specified temper­
ature for 10 minutes. The core was then inserted into a 
hole in a healthy seed piece. An attempt was made to de­
termine longevity in vitro, but owing to the lack of in­
fection after the 24 hour time interval used, no conclusion 
was drawn, other than that the virus is inactivated rapidly 
after being extracted from infected plants. The results of 
a limited test indicated that the virus was much more re­
sistant to aging in dried host tissue than in vitro.
The bulk of the literature, concerned primarily 
with the cause of the disease, symptoms produced, and means 
of transmission, occurred between 1923 (34) and 1931 (25). 
Most studies of this disease were discontinued for many 
years, and there are only a few scattered publications be­
tween 1931 and i9 6 0. This is probably because many people 
considered it an unimportant virus disease. However, by 
1950 the disease had become more prevalent and reached seri­
ous proportions in certain areas and in certain varieties 
(10,14,31). This prompted a return to potato spindle tuber 
investigations.
In i960 MacLachlan (3 1) produced the first major 
publication resulting from this new interest in spindle 
tuber. He pointed out, as have other workers (39)* that as
17
far as could be determined the host range of PSTV was re­
stricted to the cultivated potato. Unfortunately, this 
meant that the only means of identifying the disease was 
the recognition of variable symptoms on potato foliage and 
the spindling of the tubers. This resulted in most field 
infections remaining undetected. Therefore, one of the 
primary objectives of the investigation by MacLachlan (31) 
was to find a suitable local lesion or systemic host for 
the identification of the virus. He tested 188 plant species 
in 18 genera for susceptibility to PSTV by both sap and 
aphid Inoculation. No local or systemic symptoms were pro­
duced in any of the inoculated plants. However, dodder 
(Cuscuta gronovil Willd,) transmission experiments resulted 
in a virus being transmitted from potatoes, selected as a 
source of PSTV, to tomato (Lycoperslcon esculentum Mill.). 
Transmission occurred only from potatoes showing the purple 
top type of symptom, which is generally attributed to aster 
yellows virus infection. Dodder transmission was attempted 
from these infected tomatoes to aster and Vinca rosea L. 
Symptoms failed to develop in aster, but the Vinca plants 
showed abnormal growth. Dodder transmission from infected 
Vinca and tomato plants back to potato, produced mild purple 
top symptoms. Some tubers produced by these plants were 
spindled, but the tuber reactions were variable.
Scions from infected potato plants were grafted to 
tomato and V. rosea. Tomato plants developed the typical 
purple-top type of symptom* Scions did not survive on Vinca.
18
MacLachlan (31) concluded from these results that a virus 
of the yellows type was closely associated with the spindle 
tuber conditions of potatoes In eastern Canada.
Raymer and O ’Brien (39) Initiated a study to deter­
mine If a similar yellows type virus was associated with 
sources of PSTV in the Schultz potato virus collection. It 
was determined by serological tests, and by the use of in­
dicator plants, that the common potato viruses X, A, Y, S,
M, and yellow dwarf as well as potato witches’ broom, aster 
yellows, and tomato big bud virus were not present In 
sources of PSTV. Results of graft and sap (prepared in 
phosphate buffer) inoculation experiments demonstrated that 
PSTV could be transmitted to Rutgers tomato. These spindle 
tuber infected tomato plants developed symptoms character­
ized by epinasty, rugosity, and vein-necrosis of the leaves, 
and were severely stunted. The virus was transmitted from 
infected tomato plants to Saco potatoes that developed typ­
ical spindle tuber symptoms. As pointed out by Raymer and 
O'Brien (39), although a systemic indicator plant is less 
useful than a local lesion host, it should facilitate fur­
ther studies on the properties of the virus, and aid in the 
development of a purification technique and a specific anti­
serum. It can also serve as an indicator host in indexing 
a limited number of seed stocks.
Raymer and O'Brien (3 8) reported that the time re­
quired for symptom development varied from 10 days in early 
fall to 42 days in midwinter. Whitney and Peterson (6l)
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observed that during the winter months inoculated tomatoes 
developed only poorly defined symptoms in 4-5 weeks. De­
capitation and complete defoliation 2 weeks after inoculation 
resulted in severe symptoms in newly developed axillary 
shoofce within 14 days.
Shortly after the demonstration of the suscepti­
bility of Rutgers tomato to PSTV, Easton and Merriam (l6) 
reported that eaeily detectable symptoms were expressed in 
10 Solanum spp. inoculated with PSTV.
O'Brien and Raymer (37) inoculated 17 plant species 
or varieties, commonly used as virus indicators, with PSTV. 
Symptoms did not develop in any of these plants. However, 
when leaf tissue from 4 of these plants was rubbed directly 
onto Rutgers tomato plants they developed positive PSTV 
symptoms. These 4 species are apparently symptomless hosts.
Mushin (3 6 ) reported that attempts to produce an 
antiserum for PSTV were unsuccessful. MacLachlan also tried 
to produce an antiserum. Using partially clarified sap from 
potato, tomato, and V. rosea infected with PSTV, rabbits 
were injected intravenously at 4-day intervals. All tests 
for specific antiserum production, at the end of the 4th,
8th, and 12th injection, were negative.
Cammack and Richardson (l4) reported that no virus 
particles were seen in preparations examined with the 
electron microscope. Density-gradient and analytical 
centrifugation observations also proved negative.
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MATERIAL AND METHODS 
Healthy and Virus Infected Potato Plants
Healthy and PSTV infected Saco tubers were obtained 
from Aroostock Farm, Maine Agricultural Experiment Station, 
Presque Isle, Maine, and from Dr. W. B. Raymer, U. S. 
Department of Agriculture, Beltsville, Md. These were 
planted in large pails filled with a pasteurized mixture 
of 2:1:1 soil, sand, and peat moss. Healthy tubers were 
cut first to prevent spread of the virus by the cutting 
knife. In addition, the knife was dipped in alcohol and 
flamed before each tuber was cut. The lots of healthy 
and PSTV infected plants grown from these tubers were main­
tained separately in screened cages in the greenhouse. In 
addition, the plants were sprayed at frequent intervals 
with Thiodan, nicotine sulfate, or Malathion to prevent 
the spread of PSTV or other viruses by Insects.
The Saco variety was selected because of its apparent 
immunity to mild and latent mosaics (viruses A and X) (l) and 
to virus S (3). However, both healthy and PSTV infected 
plants were indexed to check for the presence of any of 
the common sap-transmissible potato viruses (X, Y, S, M, 
and F). The following indicator plants were used: Qomphrena
globosa L., Nicotiana tabacum L. 'Havana 38', N. debneyi 
Domin., Solanum rostratum Dunal., and S. minlatum Bernh.
'U-. v . ^ - .  r, . I
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The Inoculum was prepared by grinding 1 g of potato leaf 
tissue per 4 ml of 0.05 M KgKPO^, adjusted to pH 8.0 with 
dilute HC1, (hereafter referred to as phosphate buffer and 
assumed to be at pH 8.0 unless otherwise stated) in a mortar 
with pestle. The homogenate was rubbed on indicator plant 
leaves (2-4 leaf stage), previously dusted with 600-mesh 
carborundum powder, with a cheesecloth pad saturated with 
the preparation. The leaves were rinsed with tap water 
after inoculation. All plants were grown under greenhouse 
conditions and observed for symptoms at frequent intervals 
for 30 days. In addition, the potato plants were examined 
directly for evidence of infection by leaf roll and potato 
Y virus. All inoculated indicator plants were negative and 
observations of the potato plants failed to reveal any in­
dication of virus infections. Therefore, it was assumed 
that both healthy and PSTV infected Saco potatoes were free 
of the common potato viruses.
Tomato Plant Culture
Rutgers tofrato was used as a systemic indicator 
plant for PSTV assays, Seeds were obtained from Bolgiano's 
Seed Co., Washington 2, D. C. The seeds were germinated in 
small plastic containers filled with moistened vermiculite. 
Seedlings were watered daily and left in these containers 
until they reached a height of about 2 Inches. They were 
then transplanted to 3^-4 inch pots filled with soil and 
allowed to grow for 7-10 days before being inoculated.
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In the case of liquid nutrient culture studies, they were 
transferred to glass jars containing Hoagland's solution.
The plants were grown in this solution for 7 days and then 
transferred to appropriate nutrient cultures 2 days before 
inoculation. All plants were grown under greenhouse 
conditions. Daylength was generally extended to 18 hr by 
a bank of 150 watt incandescent bulbs or 2 40-watt fluor­
escent lights suspended above the bench tops. Greenhouse 
temperature was not carefully controlled, and varied 
greatly from season to season. All plants were grown in 
heavily fertilized soil and only those exhibiting vigorous 
growth were used for virus inoculations. Unless otherwise 
stated, all plants were inoculated in the 2-4 leaf stage.
Inoculation Procedures
Infectious extracts were most commonly prepared by 
first freezing infected tissue in liquid nitrogen (-196°C) 
which boils off rapidly, and the frozen tissue was then 
ground in a mortar to a fine powder (Pig. 1) which was 
added to a cold buffer solution. Tissue or frozen powder 
was nearly always added to buffer solutions in a ratio of 
1 g:4 ml. Inoculations were made by lightly rubbing 
tomato leaves, previously dusted with carborundum (600-mesh), 
with a cheesecloth pad saturated with the preparation.
Leaves were not rinsed after inoculation except in special 
cases where indicated. Inoculated plants were observed at
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Figure 1. Frozen powder which results from grinding 
tomato leaves frozen with liquid nitrogen in a mortar with 
pestle.
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frequent intervals for symptom development for at least 
21 days after inoculation.
Graft inoculations of potato scions to tomato were 
of the stem and cleft-graft type. Stem grafts were made 
by cutting a T-shaped slit 2-4 nodes below the apex of the 
plants. A succulent 1-2 inch wedge-shaped scion bearing 
1 leaf and an axillary bud was inserted into this slit and 
bound£ Some stem-grafted plants were kept under regular 
greenhouse conditions, while others were placed in an 
Intermittent mist chamber for several days to prevent dry­
ing. Cleft grafts were made by decapitating the tomato 
plant, cutting a vertical slit in the top of the stem and 
inserting a V-shaped apical scion into this slit. Grafts 
were bound and the top of the plants were either wrapped 
in a plastic bag, or the plants were placed in an inter­
mittent mist chamber for several days. All grafted plants 
were observed for 5 weeks.
Purification Studies
This work was concerned almost entirely with mate­
rials and methods, and only those common to most of the 
experiments will be mentioned here. All treatments of the 
extracted virus were carried out in an ice bath or a refrig­
erator. Virus Solutions were stored in screw-cap culture 
tubes or sealed in ampuls which were quick-frozen in a dry 
ice-alcohol bath and stored in a dry ice chest. An RC-2 
Servall refrigerated centrifuge was used for all low speed
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centrifugations. A refrigerated Spinco model L ultra­
centrifuge was used for high speed centrifugation. An 
SW 39L swinging-bucket rotor was used for density-gradient 
centrifugation in the Spinco model L ultracentrifuge. The 
density-gradient centrifugation method was that of Brakke 
(12). Gradient columns for rate-zonal centrifugation were 
prepared by layering 0 .5, 0 .9, 0 .9, and 0 .9  ml of solutions 
of 100, 200, 300, and 400 g sucrose per liter of 0 .0 5 M
phosphate buffer in 1 /2 x 2 inch lusteroid cellulose tubes.
o
Columns were not used until they had remained at 2 C for 
24 hr to allow gradient formation. One half ml of virus 
solution was floated on each column which was then centri­
fuged at 39,000 rpm for 1 hr. Observations for visible 
zones were made in a dark room by passing a narrow beam 
of light vertically through the tube.
Serology
Rabbits were injected with several different prep­
arations of partially purified virus. One part of antigen 
was added to 1.2 parts of adjuvant (9 parts Drakeol 6 VR 
plus 1 part Arlacel A) and emulsified for 45 min by means 
of a Brown Emulsor (Andovian Associated-Waltham, Mass.)
Four or 5 subcutaneous injections of 3-4 ml of each emul­
sified antigen were usually administered at weekly intervals. 
Rabbits were bled 10 days after the last injection, and the 
serum separated and stored in ampuls or screw-»cap culture 
tubes in a dry-ice chest.
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All antisera were tested by means of the ring 
Interphase precipitin test and the Ouchterlony agar double- 
diffusion test. Physiological saline (O.8 5# NaCl) was used 
as the diluent for all reagents In these tests. All rea­
gents were kept In an lce-water bath while making dilutions. 
Serial twofold dilutions were used, unless otherwise stated.
Ring tests were conducted in 6 x 50 mm culture tubes. 
Each test was done with 2 concentrations of antiserum 
(undilute and 1:5)• By means of a capillary pipette, 0.2 ml 
of an appropriate antigen dilution (undiluted to 1 :1 2 8), was 
added to each of 8 tubes in descending order. By inserting 
a capillary pipette to the bottom of the tube beneath the 
antigen, 0.2 ml of antiserum was carefully delivered so as 
to form a sharp line of contact between the 2 reactants.
The following controls were run: 1) antigen plus saline,
2) antigen plus normal serum 3) antiserum plus saline, and 
4) antiserum plus healthy antigen. All tubes were incubated 
at room temperature and examined at frequent Intervals dur­
ing 1 nr for the appearance of a white ring. After 1 hr the 
contents of each tube were mixed so that the entire volume 
of antigen and antiserum in each tube could come into contact. 
These were refrigerated (4°C) overnight and examined the 
following morning for the presence of a loose-flocculent 
precipitate. The appearance of either a white ring at the 
interphase or a flocculent precipitate after mixing con­
stituted a positive reaction.
Ouchterlony agar diffusion plates were prepared with
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an autoclaved medium consisting of agar in physiologi­
cal saline that also contained 0.05 M potassium phosphate 
and 0,1 M sodium sulfite. After autoclavin^, merthiolate 
(1:1,000 aqueous solution, stainless) was added to give a 
final concentration of 1:10,000. Twenty ml of this medium 
was added to 15 x 100 mm petri plates and allowed to solid­
ify. Reservoir holes, in which the antiserum and antigen 
were to he placed, were cut frith a No. 4 cork borer and the 
plugs were removed from the agar. A small amount of melted 
agar was added with a hypodermic needle to the bottoms of 
the holes to prevent the liquid reactants from spreading 
between the glass and the agar. The pattern of the holes, 
as generally arranged, is illustrated in Pig. 2A. The 
distance between the edge of the center antiserum hole and 
the edge of each peripheral antigen hole was 10 mm. Three 
drops of twofold antigen dilutions (1:2 to 1:64) were placed 
in each antigen hole by means of a hypodermic needle. The 
same amount of twofold antiserum dilutions (undilute to 
1 :1 6) were added in a similar manner to each of 5 petri 
plates, A test for the presence of antibodies to both 
normal plant antigens and PSTV, was carried out in a plate 
with reservoir holes cut as indicated in Pig. 2B. Extracts 
from healthy and virus infected tissues were added to 
adjacent holes. The plates were incubated at room tempera­
ture in a moist environment to allow diffusion of the 2 
reactants. They were examined for 2 weeks by observing for 
the formation of precipitation zones between the antigen
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and antiserum holes. Comparisons were made of the precipi­
tation zones formed by each of the extracts against the 
anti serum.
On some occasions antisera were adsorbed against
healthy plant sap. One part of antiserum was mixed with 2
parts of crude virus-free plant sap, and 2 parts of 0 .85$
o
saline. The mixture was Incubated in a 37 C water bath 
for 3 hr, stored in a 4°C refrigerator for 12 hr, and cen­
trifuged at 5,000 rpm for 20 min. The supernatant consti­
tuted an antiserum diluted 1:5«
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A
Figure 2. A) Arrangement of reservoir holes in the 
Ouchterlony agar plates. The dark symbol represents the 
center hold for antiserum; the open symbol represents the 
holes for the antigen dilutions. B) Arrangement of holes 
to compare the reaction of healthy tissue extracts (H) 
and virus infected tissue extracts (V).
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EXPERIMENTS AND RESULTS 
Preliminary Transmission Experiments
PSTV was transmitted to Rutgers tomato to verify 
Raymer and O'Brien's report (38,39) that this plant is a 
good systemic indicator for PSTV, and to familiarize the 
author with the type of symptoms produced.
Infectious extracts were prepared from infected 
potato leaves and sprouts by 2 methods: l) tissue was 
ground in a mortar with 0.05 M phosphate buffer; and,
2) liquid nitrogen frozen powder was added to 0.05 M 
phosphate buffer containing 0.01 M sodium diethyldithio- 
carbamate (DIECA) and 0.1# thloglycollic acid. Each 
extract, immediately after preparation, was used to inoc­
ulate a group of 5 healthy plants. In addition, plants 
were also inoculated with the sprout and leaf extracts, 
prepared in the buffer containing 0.01 M DIECA and 0.1# 
thloglycollic acid, 15 min after extraction to give a pre­
liminary indication of the stability of the virus in vitro. 
All plants were observed for 5 weeks.
Symptoms developed in all of the successfully grafted 
plants and in all of those mechanically inoculated. The 
first symptoms appeared in the mechanically inoculated 
plants in approximately 18 days. Less severe symptoms de­
veloped in the graft inoculated plants approximately 1 week
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later. Severe symptoms are characterized by epinasty and 
rugosity of apical leaves, followed by necrosis of leaflet 
midrib and yellowing of leaflets, and finally resulting in 
a severely stunted plant with numerous dead leaves (Fig. 3). 
However, when symptoms develop more slowly they are often 
quite indistinct. Small necrotic streaks may occur on the 
petioles and there may be a slight curling of the apical 
leaves. There is no apparent stunting in such plants (Fig.
4). It was decided not to rate the severity of symptoms, 
since at this time the factors responsible for the varia­
tions in symptoms expression were not known.
This preliminary transmission study verified the report 
by Raymer and O'Brien (38*39) that tomato is a systemic
indicator host for PSTV. It also demonstrated that trans-
/
mission is easily accomplished by mechanical means. There 
was no evidence that transmission was increased by washing 
the leaves after inoculation. Infectivity was retained when 
liquid nitrogen was used to facilitate grinding infected 
leaves. Highly infectious extracts can be prepared from 
potato sprouts. Both leaf and sprout extracts, prepared in 
phosphate buffer with DIECA and thloglycollic acid, were 
infective 15 min after preparation. No delayed transmission 
tests were attempted with phosphate buffer without these 1 
added chemicals; therefore, the significance of these chem­
icals in retaining virus infectivity was not certain at this 
time.
Figure 3 . - Early stage of symptom development in 
Rutgers tomato plants Infected with potato spindle tuber 
virus. When symptoms develop rapidly, the first stage, 
as seen here Is characterized by epinasty and rugosity of 
the upper leaves.
Figure 4. - Mild symptoms in Rutgers tomato plants 
infected with potato spindle tuber virus. Symptoms which 
develop slowly are characterized by slight curling of the 
upper leaves and occasionally small necrotic streaks in 
the petioles.
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Disease Development In Tomato
The physiological condition of virus infected plants 
has great influence on the development of symptoms and virus 
concentration. A series of experiments was conducted to 
determine some of the factors influencing symptom devel­
opment, which was assumed to be correlated with the virus 
concentration in the plant. The virus inoculum was always 
prepared by adding liquid nitrogen frozen powder to 0.05 
M phosphate buffer.
In order to determine if the size of the plant at 
the time of inoculation influenced the severity of symptom 
development, 10 plants were inoculated in the 2, 4, and 6 
leaf stage. The lowest leaves were inoculated in all 3 
cases. In addition, the upper leaves of separate lots of 
plants, in the 4 and 6 leaf stages, were inoculated. Best 
symptom expression always occurred in plants inoculated in 
the 2 or 4 leaf stage. Plants inoculated in the 6 leaf 
stage produced only indistinct symptoms. Inoculation of 
the lower or upper leaves did not result in any noticeable 
differences in severity of symptom expression. Symptoms 
produced by plants inoculated at different stages of 
development are illustrated in Pig. 5.
A study was done to determine if short term (24 hr) 
temperature and light conditions, applied either before or 
after inoculation, had any effect on the rate or severity 
of symptom development. Ten plants were used in each
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Figure 5. Symptoms produced by Rutgers tomato 
plants inoculated at different stages of development with 
PSTV. Best symptom expression occurred in the plants inoc­
ulated in the 2 and 4 leaf stage (left and middle plant, 
respectively). Plants inoculated in the 6 leaf stage (right 
plant) produced only indistinct symptoms.
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treatment. Plants kept under regular greenhouse conditions 
were used as controls. The following conditions were used, 
and applied to one group of plants for 24 hr before inocu­
lation and to a second set of plants for 24 hr after inocu­
lation.
Temperature and light conditions —
1. 34°C (24 hr) light (10 hr), darkness (14)
2. 34°C (24 hr) darkness (24 hr)
3. 34°C (24 hr) light (24 hr)
4. 24°C (12 hr), l8°C (12 hr) darkness (24 hr)
5. 24°C (12 hr), l8°C (12 hr) light (24 hr)
Symptoms developed in all of the plants, regardless of 
temperature and light conditions, applied for 24 hr either 
before or after inoculation. However, plants exposed to 
24 hr of darkness before inoculation, at either of the tem­
perature conditions reported above, developed symptoms 2-3 
days before any of the other plants.
Raymer and O'Brien (39) reported that at Beltsville, 
Maryland only 10 days were required for symptom development 
in early fall, but that this period was extended to as long 
as 42 days during November through January. Similar obser­
vations have been made at New Hampshire. Accordingly, a 
study was conducted to determine if the use of lights in 
the greenhouse would shorten the time required for symptom 
development in the winter months. Ten plants were used for 
each condition. One group of plants was placed directly
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under 150 watt Incandescent bulbs (450-550 ft-c), and a 
second lot on an adjacent bench received the same total 
light period (18 hr), but at a much lower Intensity (20-30  
ft-c). A third lot was exposed to an 8 hr daylight period 
and covered with a black cloth each night. Careful tempera­
ture recordings were not made during this study. The
temperature often reached 30°C during the day and generally
o
did- not fall below 18 C during the night. This experiment
was repeated during a cold period when the temperature
o
often did not go much above 21 C during the day, and fre­
quently fell below 13°C during the night.
Distinct symptoms were exhibited by the first group 
of plants grown under the higher temperature conditions.
The severest and most rapidly produced symptoms occurred 
in the plants growing directly under the higher intensity 
lights. The plants under the lower intensity —  extended 
light period, produced only mild symptoms approximately 1 
week later. Plants restricted to an 8 hr daylength did not 
produce symptoms for another 7-10 days. No distinct symptoms 
were produced when the experiment was repeated with the plants 
growing under the lower temperature conditions. It was 
apparent that supplemental greenhouse light is a definite 
help in producing symptoms during the winter months; how­
ever, this is still dependent upon fairly warm temperature 
conditions.
It was frequently observed that during extended 
periods of cloudy weather, even during long day summer
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conditions, symptoms often failed to develop at an ex­
pected rate, or else failed to develop at all. The 
following experiment was done to determine the effect of 
continuous cloudy conditions (shading) upon symptom"devel­
opment. During a period of successive bright days, a group 
of 10 plants were shaded with a layer of newspaper, while 
another group was placed immediately beside the shaded group, 
but exposed to direct sunlight.
The results of this study showed that continuous 
shading interfered with symptom development. Distinct 
symptoms developed after 18 days in the plants grown under 
normal greenhouse conditions. No symptoms occurred in the 
shaded plants, even after 5 weeks.
A preliminary experiment with plants growing in soil 
indicated that a heavy application of fertilizer was nec­
essary for the rapid production of distinct symptoms. Since 
the fertility of the soil was not known, it seemed desirable 
to study the effect of the nutrient level by using liquid 
nutrient cultures. This was done by growing the plants in 
various modifications of a nutrient solution used by the 
plant physiologists at the University of New Hampshire.
The concentration of the salts used in the stock solutions 
and the number of ml of each stock used in 1 gallon of 
culture medium (made up to quantity witli tap water) for a




Table 1. Concentrations of salts used in stock 
solutions and the amount of each stock solution used in 





ml of stock solutions/ 
gallon of 1 x culture 
medium
NaN03 0.2 Molar 100
(NH4)2S04 0.1 " 100
Ca superphosphate 0.125 " 100
KC1 0.17 " 100
MgSO^ 0.09 " 100
Pe sequestrene 5.0 g 20
h 2s o4 0.1 normal 10
Two plants were grown in each gallon of the medium, 
which was changed at weekly intervals. The plants were 
grown on an 18 hr daylength period. Greenhouse temperatures 
ranged from 16°C during the night to 30°C during the day.
In all experiments the only variation in the 1 x concentra­
tion of complete medium, as listed in table 1, was in the 
concentration of N, P, and K; the variation involved either 
all 3 simultaneously (referred to as N-P-K) or each 1 
separately (referred to as N, P, or K).
In the first experiment plants were grown in 5 solu­
tions each of which contained a different concentration of 
N-P-K. The following concentrations of N-P-K were used: 
i, 1, 2, and 3 x. Six plants were grown in each concen­
tration. Pour were inoculated with PSTV and 2, which served
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as healthy controls, were not Inoculated.
Plants grown In the 2 x concentration of N-P-K pro­
duced the severest symptoms, characterized by curling of 
the upper 3 sets of leaves, leaf necrosis, and chlorosis. 
Plants In the 1 x concentration produced distinct symptoms 
in the same time period, but the symptoms were not as pro­
nounced. Less distinct symptoms were observed from 2-5 
days later in plants growing in the £, and 3 x concen­
trations .
A second experiment involved 12 permutations of the 
salt concentrations. Three of these permutations were 
1, and 2 x N-P-K; in addition N, P and K were each tested 
separately at concentrations of i, 1, and 2 x. This was 
to determine if the degree of severity of symptom expres­
sion, in plants grown in the 2 x N-P-K concentration* ..was 
due> to a greater concentration of 1 of the 3 elements. The 
same number of plants was used for each concentration in 
this experiment as was used in the first experiment. Plants 
growing in all concentrations, except the ^ x N and | x N- 
P-K medium, developed symptoms at approximately the same 
time. However, plants in the 2 x N-P-K again produced the 
severest symptoms. Plants growing in the 1 and 2 x con­
centration of P and K, and 1 and 2 x concentrations of N all 
produced comparable symptoms. Plants growing in the ^ x N, 
and the £ N-P-K medium, developed only mild symptoms (leaf 
curling), and at a slower rate.
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Stabilization of Infectivlty Experiments
Virus instability is one of the obstacles which must 
be overcome if success is to be attained with the purifi­
cation of unstable viruses. With such studies ultimately 
in mind, experiments were designed to determine the con­
ditions necessary for retaining a high concentration of 
the virus in plant extracts. The effects of pH, phosphate 
buffer concentration, and various other chemicals on the 
infectivlty and stability of PSTV were of particular 
interest. Such studies require that an equal amount of 
active virus be added to different solutions so that dif­
ferences in the response of plants inoculated with such 
preparations can be attributed to a variant in the solution 
and not to differences in virus concentration. No existing 
method of preparing an unstable virus inoculum was satis­
factory for this purpose.
In determining the best method of preparing PSTV 
inoculum, comparisons were made of the infectivlty of tomato 
leaf extracts prepared by 3 methods. One infected tomato 
plant was used as the source of inoculum to avoid variability 
in virus content. Opposite leaflets from 1 leaf were 
divided into 2 lots and a third lot was obtained from 
similarly positioned leaflets on the opposite leaf. Each 
lot weighed 1 g. Pour ml of 0.05 M phosphate buffer was 
used with each 1 g lot of tissue. Extracts were prepared 
from these lots by the following 3 methods: one lot was
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ground in a mortar containing the buffer; another lot was 
ground in a mortar and buffer was added to the macerated 
tissue approximately 2 min later; and the last lot was 
frozen in liquid nitrogen and the frozen tissue ground to 
a fine powder which was then added to the buffer. Plants 
were inoculated with each extract and the experiment re­
peated 3 times. The number of visibly infected plants was 
determined 21 days after inoculation (Pig. 6b ). Only 3 of 
the 30 inoculated plants developed symptoms when the buffer 
was added to the expressed sap. Sixteen of 50 inoculated 
plants developed symptoms when the Infected tissue was 
ground in buffer. Infectivlty was always greatest and 
symptoms developed most rapidly in the liquid nitrogen 
preparations — 38 of 50 inoculated plants showing symptoms 
within 21 days.
In another experiment symptoms were read at 21 days 
and again at 28 days. Twenty-one days after inoculation 
the number of visibly Infected plants inoculated with the 
liquid nitrogen preparations was much greater than those 
inoculated with either of the other 2 extracts. However,
7 days later symptoms were apparent in all pf the plants 
inoculated with leaves ground in buffer as well as those 
in liquid nitrogen. In addition, 3 of the plants inocu­
lated with the extract prepared by grinding leaves and 
adding buffer 2 min later were also beginning to show 
symptoms. These results (Pig. 6A) indicated that the liquid 
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Figure 6. - A comparison of the effect of different 
grinding procedures on the infectivlty of extracts. Alone: 
buffer added to leaves after maceration; Buffer: leaves 
ground directly in buffer; Liq. N: leaves frozen in liquid 
nitrogen and ground to a fine powder which was then added 
to buffer. A) Number of visibly infected plants 21 and 28 
days after inoculation. B) A summary of 3 experiments com­
paring the effect of 3 different extraction procedures.
aPmr.eqSed ***• Numt>er of Plants visibly infected 21 
.Expressed as. days after inoculation _________ _
Number of plants inoculated
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percentage of Infection did occur, but at a slower rate, 
when leaves were ground In buffer.
The purpose In comparing these 3 methods was to 
determine which gave the most Infectious preparation and 
to see if any of them could be used to pool material from 
several plants so as to equalize the amount of active virus 
being added to the various solutions. The rapid inactiva­
tion of PSTV in undiluted expressed sap eliminated this 
method as a means of pooling virus. However, the liquid 
nitrogen method provided a convenient and effective means 
of pooling material from several plants and resulted in a 
minimum loss of infectivlty. A large mortar was placed 
in the mouth of an Insulated stainless steel contained 
(Pig. 7) filled with liquid nitrogen. Frozen powder, pre­
pared from several grindings of leaves from numerous plants, 
was pooled in the mortar. The powder remained frozen and 
was mixed by stirring. Solutions (varying in pH, buffer 
concentration, and chemical content) were placed on a 
balance and the desired weight of frozen powder was added 
directly to them (Pig. 7). Plants were then inoculated 
with these preparations to compare infectivlty and stability. 
Differences in the response of plants inoculated with such 
preparations can be more nearly attributed to a variant in 
the solution; differences due to different amounts of active 
virus in the tissues used for inoculum are minimized. There­
fore, in all of the following work the liquid nitrogen 
technique was used to pool infected tissue.
Figure 7. Large mortar In the mouth of an Insulated 
stainless steel container filled with liquid nitrogen. 
Frozen powder was pooled In this mortar. The frozen powder 
was then weighed directly Into solutions varying In pH, 
buffer concentration, or other chemicals.
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In determining the optimum pH, pooled frozen powder 
was added to 0.05 M phosphate buffer in the range pH 5.5- 
9.5 (at intervals of 0.5 pH). Pour plants were inoculated 
with each of these extracts 1 5, 3 0, 45, 6 0, and 75 min 
after preparation, a total of 20 plants per preparation*. 
Symptoms were read 21 days after inoculation. The results 
(Pig. 8 ) showed that pH 8.0 was optimum for symptom 
development.
To determine the effect of phosphate buffer con­
centration, pooled frozen powder was added to water, and 
to 0 .0 2 5, 0 .0 5, 0 .1, and 0 .3  M concentrations of phosphate 
buffer. Pour plants were inoculated with each of these 
extracts 15, 3 0, 45, 6 0, and 75 min after preparation, a 
total of 20 plants per preparation. After 18 days it 
was observed that the greatest number of visible Infections 
occurred with the 0 .0 5  M buffer and the least with the 0 .3  
M buffer. However, when symptoms were read again 11 days 
later the greatest number of visible infections occurred 
with the 0.3 M buffer preparations (Pig. 9).
Throughout the stabilization of infectivlty experi­
ments (referred to in figures 8, 9, 10, 11, and 12) it was 
considered necessary to inoculate plants with each prepara­
tion at increasing time intervals, even though this intro­
duced another variable. Differences in virus concentration, 
plant growth conditions, etc. made it difficult to select a 
given time at which the most suitable extract would be 
infectious. In all experiments at least one treatment 
resulted In infections in nearly all plants inoculated at 
each time interval, therefore, it was not considered necessary 
to list the number of infections per time interval, but 
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Figure 8. - A comparison of the effect of pH on 
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Figure 9. - A comparison of the effect of potassium 
phosphate buffer concentration at pH 8.0 on infectivlty 
and virus stability.
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This suggested that the strong buffers contained the most 
virus, but that they progressively reduced infectivity. 
Another experiment was done to determine if this was true. 
Pooled frozen powder was added to 3 concentrations of 
buffer (0.05, 0.3$ and 0.5 M). At the time of each inocu­
lation a small amount of inoculum prepared with the 0 . 3  and 
0.5 M buffers was diluted to 0.05 M. Plants were inoculated 
with both the concentrated and diluted preparations. Three 
plants were Inoculated with each of these 5 preparations 
15 min, 3» 6 , 12, 24, and 48 hr after extraction. In all,
18 plants were inoculated with each preparation. The 
undiluted 0 .0 5  M buffer was very Infectious at first, but 
rapidly became noninfectious, i.e. 8 out of 18 inoculated 
plants produced symptoms and these were the plants that had 
been inoculated in the short time periods. More infections 
occurred in the plants inoculated with the 0.3 M preparation. 
No advantage was found in diluting this preparation, other 
than that the diluted preparations produced infections more 
rapidly. The total number of infected plants was nearly 
identical. The 0.5 M concentration was the least infectious 
of any of the preparations, however, when this extract was 
diluted to 0.05 M it was very infectious and yielded the 
largest number of infected plants. This Indicated that the 
strong buffer contained the most virus, but infection was 
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Figure 10. - Further studies on the effect of 
potassium phosphate buffer concentration at pH 8.0 on ' 
the infectivlty and stability of potato spindle tuber 
virus.
a Diluted in distilled water at the time of inoculation.
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It has been shown for a number of viruses that the 
presence of certain chemicals in extracts prolongs in- 
fectlvity. Various reducing agents, enzyme inhibitors, 
or combinations of these substances are commonly used for 
this purpose. Experiments were conducted to determine if 
the stability of PSTV could be increased by the presence 
of such chemicals in extraction solutions {usually phosphate 
buffer). In the first experiment the effects of 13 dif­
ferent extraction solutions (Fig. 11) were compared. Three 
plants were inoculated with each extract 1, 3, 6 , 12, 24, 
and 48 hr after preparation, making a total of 18 plants 
inoculated with each preparation. Symptoms were read 21 
days after inoculation. The greatest incidence of in­
fection occurred in those plants inoculated with extracts 
containing 0 .0 5 M phosphate buffer, and either 0 .1  M sodium 
sulfite or mercaptoethanol. To determine if these 
concentrations of sodium sulfite and mercaptoethanol were 
optimum, another study was done comparing the effect of 
different concentrations of these chemicals or combinations 
of them (Fig. 12). Three plants were inoculated with each 
extract 1, 6 , 12, 24, 48, and 96 hr after preparation. A 
total of 18 plants was inoculated with each preparation. 
Symptoms were read 21 days after inoculation. Results in­
dicated that the concentrations as used in the first experi­
ment were most suitable for retention of PSTV infectivlty.
A comparison was also made between stabilization due to the 
presence of either of these 2 substances in 0.05 M phosphate
Additions to 0.05 M phosphate buffer
0.1# thioglycollifi acid
0.02 M cysteine hydrochloride (CyHy)
0.1 M sodium sulfite 
1# mercaptoethanol
0.02 M sodium diethyldithiocarbamate (DIECA)
0.001 M sodium cyanide
0 .03 M sodium oxalate
0,02 M DIECA +0.1# thioglycollic acid
0.001 M sodium cyanide + 0.02 M CyHy
0.03 M sodium oxalate + 0.02 M CyHy
0.05 M potassium phosphate (no additions)
0.3 M potassium phosphate (no additions)
0.3 M potassium phosphate + 0.02 M DIECA +
0.1# thioglycollic
NUMBER GP VJSXBU INFECTED FIAHTS 
$ 10
Figure 11. - Effect of various chemicals on virus stability.
Chemicals in extraction solution(pH 8,0)
0.05 M potassium phosphate + 0.01 M sodium 
sulfite
0 .0 5 M potassium phosphate + 0.1 M sodium 
sulfite
0 .0 5 M potassium phosphate + 0.5 M sodium 
sulfite
0.1 M sodium sulfite
0.05 M potassium phosphate +0.1$ 
mercaptoethanol
0 .0 5 M potassium phosphate + 1.0$ 
mercaptoethano1
0 .0 5 M potassium phosphate + 0.1 M
sodium sulfite + 1$ mercaptoethanol
0 .0 5 M potassium phosphate (no additions)
0.5 M potassium phosphate (no additions) 
diluted 10 x when plants inoculated
0.5 M potassium phosphate +0,1 M sodium 
sulfite diluted 10 x When plants 
inoculated
HUI— . <F 73SIBU INFECTED PLANTS
5 10 15 18
Figure 12. - Effect of different concentrations of chemicals on virus stability
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buffer and stabilization due to the use of a strong buffer 
(0.5 M). There was no apparent difference between the 
ability of either of these systems t9 stabilize the virus, 
both being equally effective (Pig. 12).
In addition to stabilizing infectivlty of unstable 
viruses before attempting purification it is also important 
to determine when, during the course of infection and 
disease development, the amount of extractable virus in the 
infected tissue is highest. For this reason a study was 
done to determine changes in PSTV concentration at various 
stages of disease development. Twenty-five plants were 
inoculated with the virus. After 7, 14, 21, 28, and 35 
days, upper leaflets were removed from all of these, 
pooled by the liquid nitrogen technique and 1:10, 1:100, 
and 1:1000 dilutions prepared in 0 .0 5 M phosphate buffer. 
Twenty plants were inoculated with each of the dilutions 
at each 7 day interval. The results (Fig. 13) showed 
that the highest virus concentration was found in extracts 
prepared from plants 21 days after inoculation. This was 
2-3 days after the first appearance of symptoms as char­
acterized by mild rugosity. Extracts prepared 28 and 35 
days after inoculation were decreasing in infectivlty.
This was during the more acute phase of the disease in 






Figure 13. - Changes in potato spindle tuber virus 
concentration at various stages of disease development in 
tomato. Extracts were prepared from plants 7, 14, 21, 28, 
and 35 days after inoculation and 20 plants Inoculated with 
1:10, 1:100, and 1:1000 dilutions.
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Purification and Serology Experiments
Some of these studies were begun before the 
completion of the stabilization experiments and before 
discovering all of the factors influencing symptom 
development. However, when this information was obtained 
it was incorporated into this work and whenever it was >
considered important the experiment was repeated.
In general, in all purification experiments the 
upper 4-6 leaves of infected tomato plants were used as 
the source of the virus. In most experiments conditions 
were employed which were known to be necessary for the 
production of severe symptoms, namely, the use of heavily 
fertilized, rapidly growing plants, inoculated in the 2-4 
leaf stage and maintained under long day, high temperature 
conditions. Extracts were prepared from plants 2-3 days 
after the first appearance of symptoms as characterized 
by mild rugosity, but before the acute phase of the disease 
in which the plants became necrotic and chlorotic. The 
time required for these symptoms to develop varied with 
the season. Highly infectious extracts generally were not 
obtained from plants which required more than 21 days for 
symptom development.
The presence of virus in preparations at various 
stages in the purification procedure was determined by 
infectivlty assays on tomato plants. It is very difficult
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to determine accurately quantitative differences of virus 
activity with a systemic host such as tomato, however, no 
other host was available for this purpose. Three to 5 
plants were inoculated with each preparation and observed 
for the number of infections, severity of symptoms, and 
rate of symptom development. Only extremely obvious dif­
ferences were considered as significant. When such differ­
ences occurred the assumption was made that the difference 
was due to more virus occurring in the preparation which 
produced the more pronounced symptoms.
Experiments contributing to the development of 
procedures for the purification of PSTV were conducted in 
the following sequence: (l) determination of a suitable 
method for grinding infected tissue and extracting juice 
without losing virus infectivlty; (2) comparison of pre­
liminary purification procedures; and (3) concentration 
and further purification.
1. Grinding and Extraction.— The effect of different 
grinding procedures on the infectivlty of extracts has 
already been reported in the section on "stabilization of 
infectivlty experiments" and summarized in Pig. 6b . 
Infectivlty was always greatest and symptom development 
was most rapid when the leaves were ground by the liquid 
nitrogen technique as described under materials and methods. 
Therefore, this method was used to grind infected tissue 
in all purification work. Further grinding was done in
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order to insure the maximum amount of cell injury and 
consequently the release of the greatest amount of virus. 
This additional grinding was done after adding the frozen 
powder to cold 0.05 M phosphate buffer. This was homogen­
ized in a Servall omni-mixer for 2 min. Still further 
grinding was accomplished by homogenizing the material in 
a mechanically driven glass tissue grinder. Some of this 
material was then added to a French pressure cell, which 
is a device for destroying cell walls while leaving such 
organelles as the cell nucleus intact. A pressure of
10,000 psi was built-up in the chamber and then the pres­
sure relief valve opened to allow passage of the material 
through the valve. Plants were inoculated with the hfcraog- 
enate after each step of the 4 grinding procedures, i.e. 
after the frozen powder was added to the buffer, after it 
was homogenized in the omni-mixer, after grinding in the 
glass tissue grinder, and finally after passage through 
the French pressure cell.
All of these procedures resulted in highly infec­
tious preparations, except for the French pressure cell 
treatment. Plants inoculated with this material developed 
symptoms 2-4 days after those inoculated with the other 
materials. In subsequent purification steps all infected 
tissue was ground by the liquid nitrogen method, the frozen 
powder added to a suitable buffer and homogenized for 2 min 
in an omni-mixer, and the homogenate further ground in a 
glass tissue grinder.
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2. Preliminary Clarification.— Preliminary clarification 
refers to the removal of a large part of the noninfectious 
material from the extract. In early clarification attempts, 
extracts were buffered in 0.05 M phosphate buffer and 
centrifuged for 10 min at 5#000, 10,000, and 1 5 ,0 0 0 rpm. 
These clarification attempts were not successful because 
they resulted in a loss of infectivlty in the supernatant 
and correspondingly, a highly infectious pellet. This is 
normally considered to be due to virus aggregation or to 
the virus being bound to particulate material that sedi­
ments rapidly when centrifuged (7,52). Similar results 
have been reported with cucumber and turnip mosaic viruses 
(47,52). However, a highly infectious, clarified super­
natant has been produced from cucumber and turnip mosaic 
virus by centrifuging in a mixture of 0.5 M phosphate 
buffer and n-butanol.
By this time the results of stabilization experi­
ments indicated that greater virus stability occurred in 
0.3 M phosphate buffer. Therefore, the experiment was 
repeated using this buffer. The homogenate was divided 
into 4 aliquots and butanol was added to give final con­
centrations of 0, 5* 1» and 9%, The butanol was added 
drop-wise to the homogenates which were continually stirred 
for 30 min. In addition, the chloroform method of clar­
ification as described by Scott (47) was also tried.
Frozen powder was added to 0.3 M phosphate buffer in 
combination with chloroform in proportions of 1 g:4 ml:
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4 ml, and homogenized in the usual manner. All solutions 
were centrifuged for 10 min at 5,000 rpm, and plants were 
Inoculated with the resulting supernatants. The results 
showed that leaves homogenized in 0.3 M phosphate buffer 
could be clarified with 9$ butanol without loss of infec- 
tivity. The low speed supernatant of the chloroform 
preparation was infectious, but only mild symptoms were 
produced in most of the plants. The experiment was repeated 
with 0.05, 0.3» and 0.5 M phosphate buffers. Each molarity 
buffer extract was divided into 3 aliquots. One received 
no further treatment, one received 9% butanol and the third 
received the chloroform treatment. All were centrifuged 
for 10 min at 5,000 rpm, and plants were inoculated with 
a portion of the supernatants. The remaining portion of 
the supernatants was centrifuged for 1 hr at 50,000 rpm 
to pellet the virus. Pellets were resuspended with a 
tissue homogenizer in 2.0 ml of 0 .0 5 M phosphate buffer 
and plants were inoculated with each preparation. The 
results showed that best clarification and retention of 
infectivlty in the low speed supernatants occurred in 
the 0.3 and 0.5 M phosphate buffer which received the 9$ 
butanol treatment. The high speed pellet (HSP) of the 
0.3 M buffer extract still had some green color, but the 
HSP of the 0.5 M buffer extract was white. Both HSP were 
infectious. Table 2 lists the degree of clarification of 
the low speed supernatants (LSS) and describes the appear­
ance of the HSP for each of these treatments.
Table 2.— The degree of clarification (clar) of the 
low speed8, supernatants (LSSj after treatments, and the 








Treatment 9% butanol Chloroform
0.05 LSS no clar. no clar. no clar.
HSP lg.,green lg.,green med.,green
0.3 LSS no clar. clar. clar.




0.5 LSS no clar. clar. clar.
HSP lg.,green med.,white med.,green- 
brown
?■ centrifuged 10 min at 5,000 rpm 
" centrifuged 1 hr at 5 0 ,0 0 0 rpm
3. Concentration and Further Purification.— Difficulty was 
encountered in accomplishing this step and several different 
procedures were tried, (a) Differential Centrifugation.
The use of alternating cycles of low speed and high speed 
centrifugation (differential centrifugation) is a method 
commonly employed for the concentration and purification 
of viruses (50). Homogenates prepared with 0.05* 0.3* and 
0.5 M phosphate buffer and treated with 9% butanol were 
centrifuged for 10 min at 5,000 rpm. The resulting super­
natants were centrifuged for 1 hr at 50,000 rpm. The HSP 
were resuspended with a tissue homogenizer in 10 ml of 0 .0 5  
M phosphate buffer and the low and high speed cycles were 
repeated. Plants were inoculated with the supernatants and 
pellets of each of the 2 cycles. Even though the 0.05 M
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buffer had not resulted in good clarification it was 
retained in this study because it is known that high 
molarity buffers may cause undesirable aggregation of 
virus particles during high speed centrifugation (47). 
However, the green contaminant persisted throughout these 
cycles and the material was not very infectious. Therefore, 
it was decided to continue the studies with 0.3 and 0.5 M 
buffers which were known to maintain virus stability and 
which also enabled clarification of the sap. The 1st LSS 
and HSP were highly infectious. However, when the resus­
pended HSP were centrifuged at low speeds again most of 
the infectivlty was found in the pellet. This suggested 
that the virus particles had aggregated during high speed 
centrifugation and were being discarded in the subsequent 
LSP. In attempting to prevent this, the 1st HSP was 
prepared by centrifuging at 30,000 rpm for 2 hr, rather 
than the usual 50,000 rpm for 1 hr. However, most infec- 
tivity again occurred in the pellet after low speed cen­
trifugation.
(b) Resuspension of HSP in Different Buffers. A comparison 
was made of the ability of various buffers to properly re­
suspend the HSP, i.e. to reverse aggregation. HSP were 
resuspended in the following buffers: 4 borate buffers - 0.05 
and 0.005, each at pH 8.0 and 9.0 (prepared by adjusting the 
pH of boric acid solutions with NaOH); 4 phosphate buffers - 
0.05 and 0.01 M, each at pH 8.0 and 9.0; 3 citrate buffers - 
0.05 M at pH 7.0, 8.0, and 9.0 (prepared by adjusting the
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pH of citric acid solutions with sodium citrate); and 
distilled water. Pellets were resuspended in 10 ml of 
each buffer by means of a tissue homogenizer. The pellets 
were resuspended and stored in a 4°C refrigerator. The 
process was repeated 4 times during a 2 hr period, after 
which the materials were subjected to another low and high 
speed centrifugation cycle to determine if the 2nd HSP 
(resuspended in 0 .0 5 M phosphate buffer) was highly in­
fectious. Plants were inoculated with the supernatants 
and pellets of both cycles. The results showed that most 
of the infectious material was still being discarded in 
the 2nd LSP. Plants inoculated with this material became 
severely diseased, while those Inoculated with the 2nd 
HSP showed only mild or indistinct symptoms.
(c) Acid Precipitation. An experiment was-done to de­
termine if PSTV could be concentrated by means of acid 
precipitation, i.e. the acidification of the virus-containing 
solution followed by precipitation during low speed centrif­
ugation. The homogenate was prepared in 0.3 M phosphate 
buffer, clarified with 9$ butanol, centrifuged for 10 min at
5,000 rpm, and the supernatant centrifuged for 1 hr at 50 ,000  
rpm. The resulting HSP was resuspended in 0.05 M phosphate 
buffer, centrifuged for 5 min at 5>000 rpm and the clari­
fied supernatant divided into 8 equal volumes. Each was 
placed in an ice bath and the pH was lowered gradually by 
addition of 10$ acetic acid to give the following pH values: 
3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, and 8.0 (control -
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normal pH. The solutions were then centrifuged for 20 
min at 10,000 rpm. The supernatants were decanted, adjust­
ed to pH 8.0 with 10$ ammonium hydroxide, and plants were 
then inoculated with each of the solutions. The pellets 
were resuspended in 1 ml of 0.05 M phosphate buffer and 
plants were inoculated with each of these materials.
Distinct whitish pellets were formed only in solutions at 
pH 4.5 or lower. The results are shown in Table 3. Although 
infections occurred in many of the plants inoculated with 
the different supernatants and pellets, severest symptoms 
developed first (2-4 days earlier) in the plants inoculated 
with the pH 3.5 pellet. This indicates that the virus is 
easily precipitated from solution at pH 3.5.
Table 3.— Acid precipitation of potato spindle tuber 
virus in partially purified preparations











8.0 (control) medium mild
a Supernatant after acidification and centrifugation for 20 
min at 10,000 rpm. “ Pellets from above centrifugation re­
suspended in 1 ml of 0 .0 5 M phosphate buffer.
The major difficulty with incorporating this pro­
cedure into the purification sbheme is that in obtaining the 
clarified supernatants (by means of low speed centrifugation
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of the 1st HSP) for acid precipitation much of the In­
fectivlty Is discarded In the LSP. When acid precipitation 
is done before the first high speed centrifugation, a very 
large, brown, sticky pellet is formed which, although in­
fectious, is very difficult to resuspend and clarify.
(d) Scott's Dializing Method. Scott (47) encountered 
similar aggregation problems when he tried to purify 
cucumber mosaic virus. High molarity buffers were also 
required to suspend thite virus when infected tissue was 
extracted and clarified. Aggregation was prevented if the 
clarified extract was dialyzed before high speed centrif­
ugation. This resulted in virus pellets being easily 
resuspended and enabled further purification of the virus 
by means of differential centrifugation. The method was 
modified by using n-butanol in place of chloroform for 
clarification. Infected tissue was homogenized in 0.3 M 
phosphate buffer, treated with 9^ butanol, and centrifuged 
for 10 min at 5,000 rpm. The clarified supernatant was 
dialyzed against 0.005 M borate buffer, pH 9.0 (30-40 ml 
of dialyzlng buffer per ml of virus extract) for 18-20 hr. 
The dialyzate was centrifuged for 10 min at 5,000 rpm.
The clarified dialyzate was centrifuged 1 hr at 50,000 rpm. 
Pellets were resuspended in 0.005 M borate buffer, pH 9.0, 
and clarified by centrifugation for 10 min at 5>000 rpm.
The clarified supernatant was centrifuged for 1 hr at 50,000 
rpm and the pellet resuspended as above. This experiment 
was repeated 4 times. Although the 2nd HSP was highly
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infectious in 1 experiment, this was not generally true; 
plants inoculated with the 2nd HSP most frequently pro­
duced mild or indistinct symptoms.
A composite flow diagram is presented (see appendix) 
which, by avoiding complicated descriptions, attempts to 
show a relationship or purpose to all of these experiments 
which contribute to an understanding of the problems in­
volved in the purification of PSTV.
Throughout the course of these purification studies 
frequent attempts were made to purify PSTV by means of 
density-gradient centrifugation. As pointed out by Brakke 
(12), with most plant viruses some of the normal plant 
components must be denatured {by freezing, heating, treat­
ment with organic solvents, etc.) and removed by low speed 
centrifugation before density-gradient centrifugation if 
a visible virus zone is to be obtained. Comparisons were 
made between healthy and virus infected tissue extracts.
In preliminary experiments extracts were prepared by 
grinding infected tissue in liquid nitrogen ahd homogen­
izing the frozen powder in 0.3 M phosphate buffer containing 
0.01 M DIECA, and 0.1# thioglycollic acid. Further treat­
ments consisted of the following: (l) centrifugation at
5,000 rpm for 10 min; (2) filtering the extract through 
cheesecloth; (3) heating extracts at 40°C for 10 min with 
3# butanol, 20 min with 5# butanol, and 30 min with 7.5# 
butanol, followed by centrifugation for 10 min at 5,000 rpm. 
After each of these treatments the supernatants or filtrates
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were layered on sucrose columns, centrifuged, and examined 
for visible zones. Frequent examinations were also made 
of the supernatants and resuspended pellets obtained during 
the purification studies previously discussed. Although 
visible zones occurred they were always Identical in both 
the healthy and virus infected tissue extracts, therefore, 
this method was not considered useful for the purification 
of PSTV.
Although little success was obtained with the 
purification of PSTV an attempt was made to obtain anti­
serum by the use of impure antigens. Four different 
antigens were used. The method of preparation varied 
considerably because the work extended over the entire 
course of the study.
Antigen No. 1. Three g of infected potato sprouts were 
ground by the liquid nitrogen technique, the frozen powder 
added to 0.05 M phosphate buffer containing 0.01 M DIECA 
and 1$ thioglycollic acid, and homogenized in an omni-mixer 
for 2 min. The homogenate was filtered through cheesecloth 
and the filtrate centrifuged at 5,000 rpm for 10 min. The 
supernatant was centrifuged at 5 0 ,0 0 0 rpm for 1 hr and the 
pellet resuspended in 2 ml of the above buffer.
Antigen No. 2. Eight g of infected tomato leaves were 
prepared by the same procedure as used above.
Antigen No. 3. Seventy-five g of infected tomato leaves 
were ground by the liquid nitrogen method, the frozen powder 
added to 0.3 M phosphate buffer, homogenized for 2 min in
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an omni-mixer, and finally, ground in a glass tissue 
grinder. The homogenate was treated with 9$ butanol and 
clarified by centrifuging at 5,000 rpm for 10 min. The 
supernatant was centrifuged at 50,000 rpm for 2 hr and the 
pellets resuspended in 0.05 M phosphate buffer, at pH 8.0. 
Antigen No. 4. Seventy-five g of infected tomato leaves 
were homogenized in the same way as antigen No. 3, except 
that 0.5 M phosphate buffer was used. This was then 
clarified by the use of 9# butanol followed by centrif­
ugation at 5>000 rpm for 10 min. The supernatant was 
dialyzed for 18 hr at 1°C against 0.005 M borate buffer 
at pH 8.0 (ratio of virus extract to dialyzing buffer,
1:40). The dialyzate was centrifuged at 5*000 rpm for 10 
min and the supernatant then centrifuged at 50,000 rpm for 
90 min. The pellets were resuspended in 0.05 M phosphate 
buffer at pH 8.0.
Antigens 1 and 2 were prepared at each injection 
date. Antigen 3 and 4 were prepared only once and divided 
into aliquots which were then maintained in a dry-ice 
chest. The method of injection and the injection schedule 
are listed in the section on materials and methods.
The sera from rabbits injected with these antigens 
were first tested by the ring precipitin test. Each anti­
serum was tested against the antigen used for injections and 
also healthy plant extracts prepared by the same procedure. 
The results of these tests showed that positive tests were 
obtained with antigens prepared from either healthy or PSTV
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infected plants. The antisera were adsorbed against 
healthy plant extract and the adsorbed antisera (diluted 
1:5) again were tested against both the healthy and PSTV 
antigens. However, positive reactions were still obtained 
against healthy plant extracts. The antisera were not 
adsorbed again, primarily because the value of the test 
Itself was questionable, since good controls could not be 
consistently obtained. The antigen controls frequently 
indicated nonspecific precipitation. Because of these 
erratic controls and the apparent presence of antibodies 
to healthy antigens it was decided to test the antisera 
by means of the Ouchterlony agar diffusion test.
Antigens for the Ouchterlony test were prepared 
from both healthy and PSTV infected tomato leaves. The 
leaves were ground by the liquid nitrogen procedure, and 
the frozen powder added to 0.05 M phosphate buffer con­
taining 0.1 M sodium sulfite. The material was filtered 
through cheesecloth and the filtrate used as the test 
antigen. Dilutions were made in O.85# saline.
No precipitation bands were formed in the plates 
containing antisera obtained from rabbits injected with 
antigens 1 and 4. A very weak band formed in the undi­
luted antiserum obtained from rabbits Injected with antigen
3. A strong reaction occurred with the undiluted antiserum 
obtained from rabbits injected with antigen 2. A reaction 
was also visible with the 1 :2 and 1:4 dilutions, but no 
reaction was apparent with the 1:8 or 1:16 dilution of
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antiserum. This antiserum was checked for the presence of 
antibodies to both normal plant antigens and PSTV. Extracts 
were prepared from both healthy and PSTV infected tomato 
leaves and added to reservoir holes as indicated in Fig.
2B. The results, as seen in Fig. 14, demonstrated the 
presence of a precipitin band between the normal plant 
extract and the antiserum which was identical to and 
continuous with the precipitin band formed between the 
PSTV infected plant extract and the antiserum. However, 
an additional band, as seen in Fig. 14, was formed with 
the PSTV extract. These results were reproducible with 
different extracts from healthy and virus infected tissue.
In a similar study (1 5) such an additional band was con­
sidered to be a positive reaction to the virus, since no 
such band formed near the wells containing healthy extracts.
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Figure 14. - Ouchterlony agar diffusion test 
demonstrating reaction between antiserum (AS) and healthy 




Most of the research done with spindle tuber in 
the past has been done with varieties which were infected 
with 1 or more other viruses, notably potato virus X and 
possibly potato viruses S, M, and others. Therefore, it 
seemed desirable to determine the effect of spindle tuber 
on plant growth and tuber yield in the absence of other 
viruses. The Saco variety was selected because of its 
apparent immunity to mild and latent mosaic (viruses A 
and X) (l) and to virus S (3 ).
Four replicates of 10 hills each of Infected and 
healthy seed pieces were planted in paired rows in May,
1 9 6 3, at the Laton Farm in Madbury, N. H. Two replicates 
were planted with seed from the Maine Station and 2 with 
seed from the U. S. D. A. The healthy tubers were cut 
first to prevent spread of the virus by the cutting knife.
In addition, the knife was dipped in alcohol and flamed 
before each tuber was cut. Hows were spaced 6 feet apart 
to prevent spread of the virus by leaf contact. Insects 
were controlled with frequent applications of Dieldrin, DDT, 
and Thiodan, as needed, to prevent spread of PSTV or other 
viruses by insects. Defoliation diseases were controlled 
with Maneb applied at 7-10 day intervals.
Observations were made at frequent intervals on 
plant emergence and plant symptoms. The potatoes were 
harvested and weighed in late September after the diseased
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plants were dead and the healthy vines had been damaged by 
a light frost.
Prior to planting, and again at planting time, it 
was noted that the sprouts from infected tubers developed 
more slowly than those from healthy tubers. The healthy 
plants emerged at an earlier date than the spindle tuber 
plants and they remained larger and more vigorous through­
out the growing season. The infected plants were dwarfed 
and spindly, with a sharp angle of branching (Pig. 15).
In addition, the infected plants exhibited an unusual 
amount of tip burn or marginal leaf scorch, and they died 
earlier than the healthy plants. When the tubers from 
infected plants were harvested, their abnormal shape was 
apparent (Pig. 1 6) as would be expected, but the reduction 
in size and number of tubers per hill was greater than 
anticipated.
The actual yields from each 10-hill plot are re­
ported in Table 4. These results show that PSTV causes 
a marked reduction in yield. Yield reduction is due in 
part to fewer tubers per hill and in part to reduction in 
size of tubers.
Figure 15. - Left: Saco plants showing severe 
symptoms of spindle tuber disease; Right: Healthy controls.
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Figure 16. - Uppers Spindle tuber symptoms in 
the Saco potato variety; Lower: Healthy Saco tubers.
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Table 4. The effect of potato spindle tuber virus 









1 59.4 17.0 71.4
2 65.4 25.5 6 0 .0
3 56.9 1 9 .0 66.6
4 53.5 7 21.5 59.8
Average 5 8 .8 20.7 64.8
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DISCUSSION
Studies involving the use of purified virus 
preparations have become a major part of plant virus 
research. Unfortunately, no one procedure has proved 
applicable for the purification of all plant viruses.
The ease with which different viruses can be purified 
varies considerably, and a procedure which works well 
with one virus may be destructive to another. Neverthe­
less, certain requirements are common to the purification 
of nearly all plant viruses (4,5#6,50). A suitable host 
should be used which can be grown rapidly, inoculated 
easily, and harvested under optimum conditions. Low 
initial virus concentration in the host, and virus in­
stability in vitro, are 2 of the major obstacles to be 
overcome in the purification of plant viruses. The 
concentration of the virus may vary with species, age, 
and nutrition of the host and with environmental conditions 
such as temperature, light intensity, or photoperiod. I
A method should be developed for grinding infected 
tissue and extracting its juice without inactivating the 
virus or causing it to be bound firmly to noninfectious 
components. Some preliminary procedure must be employed 
for the removal of the majority of the nonvirus components. 
The clarified sap should then be concentrated and further
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purified by any suitable means which does not result in 
inactivation of the virus. The final virus suspension 
should be checked for purity, and infectivity correlated 
with the characteristic particles.
The main objective of this study was to conduct a 
series of experiments which would determine the most 
satisfactory procedures to accomplish each of these major 
steps in the purification of PSTV. It was realized that 
since much time is required for the development of symptoms 
in tomato, progress would be very slow and the work tedious. 
However, since other workers had been unsuccessful in 
attempts to purify this virus, it was considered essential 
that someone make a slow, meticulous, stepwise approach 
to this problem.
The first series of experiments directly concerned 
with the main purpose of this study dealt with the factors 
influencing the development of the disease in tomato.
Striking differences in the severity of symptoms 
were observed in plants inoculated at different stages of 
development. This is of practical significance in assaying 
for PSTV. In addition, the age at which plants are inocu­
lated may influence the rate of build-up and final con­
centration of the virus in diseased plants, a factor which 
might make the difference between success and failure in 
purification studies.
Supplemental greenhouse light is beneficial.in pro­
ducing distinct symptoms during the winter months.
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However, this is still dependent upon fairly high temper­
atures, a condition which is not required for good symptom 
expression with most viruses. Most plant virus diseases 
exhibit strongest symptoms under comparatively cool grow­
ing conditions, such as occur during the spring; symptoms 
tend to be masked during the high temperature periods 
during the summer. Thq> exact relationship between light 
and temperature cannot be definitely established under 
greenhouse conditions. Future studies with controlled 
conditions in a growth-chamber are definitely warranted. 
However, the information reported here is valuable in 
that it shows some of the factors which influence symptom 
development.
The results from liquid nutrient culture studies 
indicate that severest symptoms are produced in heavily 
fertilized plants. Inoculation of soft, succulent leaves, 
such as exist in well fertilized plants, appears to be 
necessary for successful infection to occur. However, 
it may be simply that heavy fertilization contributes to 
rapid plant growth, the condition most frequently associated 
with good symptom expression.
It is apparent that several critical environmental 
conditions must be satisfied before one can expect to 
obtain good symptoms consistently with PSTV infected plants. 
Whether a plant can be a host for a particular virus, and 
whether or not symptoms will be produced, is presumably 
determined primarily by the genetic constitution of both
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the plant and the virus. Nevertheless, environmental 
conditions can have substantial effects on the ability of 
a virus to infect,. multiply in, and affect the normal 
functioning of a host plant. These factors account for 
much of the difficulty in obtaining reproducible results, 
particularly between workers in different areas. Changes 
in the environmental or cultural conditions may Influence 
virus multiplication or the response of plants to in­
fection by altering the host physiology.
The experiraeol^rdemonstrating that infectivity was 
greatest and symptom development most rapid in plants 
inoculated with liquid nitrogen preparations was particu­
larly significant. It not only indicated clearly the 
best means of grinding infected tissue in future purifi­
cation studies, but also led to the development of a new 
and more effective technique for pooling unstable viruses 
from several plants. Such a pooling process was necessary 
before it was possible to compare the effects of pH, buffer 
concentration, or other chemicals on the infectivity and 
stability of PSTV.
The mechanism by which liquid nitrogen aids in 
improving grinding and extraction without loss of infectiv­
ity is not known. Possibly it simply insures a more complete 
grinding of the infected tissue, but other factors may be 
involved. Exposing sap to air during grinding is known 
to oxidize phenolic compounds to quinones (by means of 
polyphenol oxidase), which combine with virus proteins and
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inactivate them. The temperature of liquid nitrogen would 
inhibit any such enzymatic activity. If the frozen powder 
was then added to a protective buffer solution before 
thawing, it is conceivable that oxidation would be prevented 
or at leas retarded, and this may account for the greater 
Infectivity of such preparations.
The results of the stabilization of infectivity 
experiments demonstrated that the selection of a suitable 
buffer for extraction was a critical factor in the retention 
of virus infectivity. The mechanism by which high molarity 
phosphate buffers result in the retention of virus Infec­
tivity Is not known. In fact, it is still debatable as 
to whether the action is on the virus, on some plant 
material in the extract, or on the plant being inoculated. 
Near the end of the study It was determined that retention 
of virus infectivity, accomplished by using low concentra­
tions of phosphate buffers containing 0.1 M sodium sulfite 
or 1% mercaptoethanol was comparable to that which results 
from the use of high concentrations of buffer alone. These 
chemicals are reducing agents and probably function by 
binding the metal needed to catalyze the polyphenol oxidase 
reaction, which converts phenolic compounds to quinones with 
the subsequent inactivation of the virus. Buffers containing 
these reducing agents have not yet been Incorporated into 
purification studies, but this is strongly recommended in 
future studies since the use of high molarity buffers is 
known to contribute to virus aggregation and thus hamper
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purification.
It is not surprising that the amount of extractable 
PSTV appears to reach a maximum during the course of 
disease development and then begins to decrease. This is 
to be expected with an unstable virus and should, therefore, 
be considered when harvesting infected plants for purifi­
cation studies.
These preliminary experiments served to provide 
some understanding of the factors influencing development 
of the disease in tomato, and provided a means of grinding 
infected tissue without losing infectivity.
In the initial purification studies it was found 
that low speed centrifugation results in sedimentation of 
the virus. This was overcome by the use of high molarity 
phosphate buffers. Treatment of such strongly buffered 
extracts with 9$ n-butanol followed by low speed centrif­
ugation, resulted in highly infectious, amber-colored 
supernatants. Buffers of such high molafcity, which enable 
suspension of the virus during extraction and clarification, 
appear to favor aggregation during high speed centrifugation. 
Aggregation was not overcome by using lower speeds (30,000 
rpm) for a longer period of time during high speed centrif­
ugation, nor was it reversed by resuspending the pellets 
in different phosphate, borate, or citrate buffers, or 
distilled water.
It is possible that acid precipitation may eventually 
be included successfully in the purification of PSTV. The
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major problem with doing this in these studies was that 
this treatment was applied to the clarified supernatants 
obtained by low speed centrifugation of the resuspended 
HSP. During clarification much of the infectivity was 
discarded in the LSP. Acid precipitation could not be 
accomplished successfully prior to this step. It is pos­
sible that if very large amounts of infected tissue (500- 
1000 g) were used for the initial extraction of the virus, 
this very wasteful discarding of the virus could be toler­
ated and still result in a sufficiently large amount of 
virus remaining in the clarified supernatant to enable 
successful purification.
It is recommended that further attempts to over­
come aggregation be made by dialysis of the high molarity 
buffer extracts prior to the first high speed centrifugation. 
This procedure was used successfully in similar studies 
with cucumber mosaic virus (47) and on one occasion resulted 
in successful resuspension of PSTV, as evidenced by a highly 
infectious second HSP. In future experiments the ratio 
between the volume of virus extract and the volume of 
dialyzing buffer might be increased or the dialyzing buffer 
changed several times during the process. Dialysis against 
running tap water should be tried also.
In future purification experiments numerous new 
approaches might be tried, in addition to trying to improve 
the methods already discussed. Aggregation might be avoided 
completely by using low molarity buffers containing 0.1 M
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sodium sulfite or mercaptoethanol. This will depend 
somewhat on whether or not these added chemicals will 
aid in suspension of the virus during low speed centrif­
ugation. Some evidence is available which Indicates that 
some of the virus which is lost in the LSP can be resus­
pended and will remain in the supernatant in subsequent 
low speed centrifugations. Black, Brakke, and Vatter (7) 
made use of this reversible aggregation and successfully 
purified tomato spotted-wilt virus. The supernatants 
from resuspended, and clarified LSP were floated on density- 
gradient columns and centrifuged. This resulted in the 
appearance of a clearly visible, infectious virus zone.
This method should be tried with PSTV. If there is no 
visible virus zone, samples could be removed from various 
portions of the columns and checked for infectivity. If 
one area contained infectious virus, material from this 
portion of several tubes could be pooled and concentrated 
by centrifugation.
Shepherd and Pound (48) encountered similar aggre­
gation problems during the purification of turnip mosaic 
virus. They found that overnight incubation with butanol 
appeared to result in less aggregation during subsequent 
treatments. This should be tried with PSTV, as should also 
the use of 0.5 M borate buffer in the initial extraction 
procedure, which has been reported by Tomlinson (51) to 
result in highly infectious preparations when phosphate 
buffers failed.
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Albertsson (2) presents a very Interesting account 
of the fractionation of macromolecules and cell particles 
by distribution in liquid-polymer two-phase systems. In 
this system, in which particles are separated mainly by 
differences in their surface properties, it has been 
found that viruses are usually distributed in a different 
portion of the system than are normal proteins and cell 
fragments, thus making it possible to obtain concentration 
and purification of the virus at the same time. It is 
strongly recommended that the use of polymer-systems, known 
to protect viruses and proteins against inactivation, be 
tried in any future attempts to purify PSTV or any other 
virus. Albertsson also refers to a water-fluorocarbon 
system which has been used in virus research, and it might 
be considered in PSTV studies also. This phase system 
acts as a selective denaturating agent by destroying the 
"impurities" and leaving the virus intact.
The results reported here clearly warrant a con­
tinuation of this study. These results have yielded a 
partially successful purification and have helped, at a 
minimum, to define the basic scope of the problem. It 
should now be possible, by following the experimental leads 
uncovered here, to concentrate further research efforts in 
a few potentially fruitful areas.
There now seems to be general agreement among plant 
virologists that an attempt to produce antiserum should not 
be made until reasonably purified virus preparations are
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available as antigens. This is particularly true with 
unstable viruses which occur in low concentrations. The 
antiserum which was produced in this study was of low 
titer and contained antibodies to normal plant antigens.
If any degree of success is attained in future attempts to 
purify PSTV it would be desirable to use these preparations 
as antigens for the production of antiserum. If purification 
is not accomplished the best available antigen should be 
used and several rabbits given numerous injections over 
a long term period. This might result in higher titer 
antiserum.
It is generally agreed that the complement-fixation 
test is more sensitive than precipitin tests; Matthews 
(35), however, believes this is true only for the small 
spherical viruses. In view of the problems with aggre­
gation of PSTV during purification one might expect that 
this virus is a rod. An attempt Should be made to use the 
complement-fixation test in evaluating the antiserum. How­
ever, one of the reasons that this method is not commonly 
used in plant virus work is that many plants contain sub­
stances which interfere with the reaction (35). There 
are some indications that this is true with tomato extracts.
The purpose of the yield data experiment was to 
determine if yields would be reduced significantly in plants 
Infected only with PSTV. Previous studies had been done 
with plants infected with one or more other viruses.
In this study the infected hills yielded only 35*2$
as much as healthy hills. This, in itself, should be 
justification for continuing PSTV research.
88
SUMMARY
Experiments were conducted which hopefully would 
result in the purification of potato spindle tuber virus 
(PSTV) or at least provide answers to some of the prelim­
inary problems which had to be solved before purification 
studies could be approached with any degree of under­
standing.
Experiments were conducted to determine some of the 
factors influencing symptom development in tomato. The 
results of this series of experiments indicated that the 
following conditions are necessary for the rapid production 
of severe symptoms: (l) tomato plants are most susceptible
and produce severest symptoms when inoculated in the 2-4 
leaf stage; (2) only rapidly growing, heavily fertilized 
plants produce severe symptoms; (3) high intensity, long 
photoperiod conditions are necessary for symptom expression- 
only mild or indistinct symptoms being produced in plants 
during periods of cloudy weather; (4) continuous periods 
of high temperatures are an absolute requirement for
symptom production, all other environmental conditions being
/ /
meaningless unless this prime requisite is satisfied.
A series of experiments were conducted to determine 
the best means of grinding infected tissue and extracting 
virus without losing infectivity. The results of these
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experiments, together with a study of the virus concen­
tration at various stages of disease development, were 
considered in purification studies. It was found that more 
highly infectious extracts of PSTV were obtained when 
infected tomato leaves were ground in a mortar containing
liquid nitrogen (-196°C) and the frozen powder added to
/
the buffer (0.05 M potassium phosphate buffer, pH 8.0) 
than when ground directly in buffer or when buffer was 
added to the macerated tissue. Using the liquid hitrogen 
technique to prepare the virus extract, several conclusions 
were reached concerning the stability of the virus: pH 8.0 
was optimum in the range pH 5 .5-9.5; (2) extracts in pH
8 .0  potassium phosphate buffers of 0 .0 5 M or lower were 
highly infectious at first, but rapidly became noninfectious 
(3) strongly buffered extracts (O.3-O .5 M) were only mildly 
infectious, but if diluted to 0 .0 5 M concentration at the 
time of inoculation, infectious virus was recovered 48-96 
hr after preparation; (4) stabilization of infectivity, 
equal to that obtained for high molarity buffers, can be 
obtained by adding either 0 .1  M sodium sulfite or 
mercaptoethanol to these solutions.
It was determined that maximum virus concentration 
occurred 21 days after inoculation, which was 2-3 days after 
the first appearance of symptoms, and before the acute phase 
of the disease.
In purification studies it was found that infectious 
virus could be kept in suspension during low speed
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centrifugation only if 9# butanol and high molarity buffers 
were used. This resulted in a clarified, highly infectious 
supernatant which, however, aggregated irreversibly during 
high speed centrifugation. This difficulty was not over­
come by centrifugation at lower speeds for longer periods 
of time; by resuspension of high speed pellets in various 
borate, citrate, or phosphate buffers or in distilled water; 
or by dialysis of the extract before high speed centrifugation. 
The virus was precipitated by adjustment of solutions to pH 
3.5, followed by low speed centrifugation; however, this 
procedure was not successfully incorporated into a purifi­
cation scheme. Density-gradient centrifugation did not 
appear to be an aid in the purification of PSTV.
An impure antigen produced a low titer antiserum 
which contained antibodies to normal plant antigens as 
well as to antigens associated only with PSTV infected 
plants. These results were observed by means of the 
Ouchterlony agar double-diffusion test.
In a field experiment concerned primarily with the 
effect of PSTV on growth and yield of Saco potatoes (free 
of other common potato viruses) it was apparent that the 
presence of PSTV caused slow development of sprouts and 
slow emergence of plants. Infected plants were stunted 
and spindly with a sharp angle of branching, and the leaves 
developed tip burn. Infected plants died prematurely and 
the number and size of tubers were smaller than expected. 
Infected hills yielded only 35.2$ as much as healthy hills.
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Yield reduction was due partly to fewer 
but mostly to their smaller size. This 
spindle shape, would place many of them 
grade.
tubers per hill, 
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APPENDIX
Outline of procedures used in studying the purifi­
cation of potato spindle tuber virus.
ATTEMPTS TO CONCENTRATE AND
I (prepared in phosphate 
buffers: 0 .0 5, 0.3 &
0.5 M)
3 — 5 0 ,0 0 0 rpm 1 hr
PELLET------- superna tant *
4 — resuspend in 10 ml
0 .0 5 M phosphate 
buffer, pH 8.0 
— 5,000 rpm 10 min
SUPERNATANT--------- pellets*
5 — repeat 3
PELLET------- supernatant*
6 — resuspend as in 4
Results: 0.05 M buffer
lost infectivity; 0.3 & 0.5 
M buffer-virus discarded 
in step 4 pellet
Note-experiment repeated 
using 3 0 ,0 0 0 rpm for 2 hr, 
but ■with same results
II (prepared in 0.3 M phos­
phate buffer)
3 — 50,000 rpm 1 hr
PELLET---------- supernatant*
— resuspended in:
4 borate buffers-0.05 & 
0.005 M, each pH 8.0 &
9.0
4 4 phosphate buffers-0.05
0.01 M, each pH 8.0 &
9.0
3 citrate buffers-0.05. M 
at pH 7.0, 8.0, & 9.0 
distilled water 
— 5,000 rpm 10 min
SUPERNATANT— -------pellets*
5 — 5 0 ,0 0 0 rpm 1 hr
PELLET---------- supernat ant *
6 — each resuspended in 0 .0 5
M potassium phosphate 
buffer
Results: most virus was




grind in liquid nitrogen
1 —  add frozen powder to buffer (l g-4 ml)
homogenize in omni-mixer, 2 min 
grind in glass tissue grinder
HOMOGENATE
2 —  add 9# butanol-stir 30 min
5,000 rpm 10 min
SUPERNATANT (clarified-infectlous) pellet*
FURTHER PURIFY THE VIRUS______________________________________
III (prepared in 0.3 M IV (prepared in 0,3 M
phosphate buffer phosphate buffer
3 — 5 0 ,0 0 0 rpm 1 hr — supernatant dialyzed
18-20 hr against 0 .0 0 5
PELLET---------supernatant* 3 borate buffer, pH 9,0
(30-40 ml of dializing 
— resuspended in 0.05 M buffer ner ml virus
4 phosphate buffer, pH 8.0 extract)
— 5,000 rpm 10 min — 5,000 rpm 10 min
SUPERNATANT---------- pellet*
SUPERNATANT-------pellet*
4 — 50 ,000 rpm 1 hr
— divided into 8 equal PELLET------supernatant*
vol pH adjusted from
3.0-6.5 (at 0.5 inter- — resuspend in 0.005 M
vals), control at pH 5 borate buffer, pH 9.0
8.0 — 5,000 rpm 10 min 
— 10,000 rpm 20 min
SUPERNATANT---------- pellet*
SUPERNATANT-------pellet*
6 — 50,000 rpm 1 hr
— all adjusted to pH
8.0 with ammonium PELLET------supernatant*
hydroxide
7 — resuspended as in 5
Results: virus is pre­
cipitated from solution Results: In 1 experiment step
at pH 3.5 6 pellet was highly infectious;
in 3 other experiments only 
mild or indistinct symptoms 
were produced
